The three members of the IL-1 gene family include IL-1␣, IL-1␤, and IL-1 receptor antagonist (IL-1Ra). IL-1␣ and IL-1␤ are agonists and IL-1Ra is a specific receptor antagonist. IL-1␤ is released after proteolytic cleavage and therefore appears to play a predominant role in inflammatory responses (15) . Virtually all microbial products stimulate production of the three IL-1 proteins. Nonmicrobial stimulants can also trigger synthesis of these IL-1 proteins. Among these are activated complement components, which through binding to their specific receptors, induce IL-1 transcription and release (16) (17) (18) . As O 3 can induce the activation of complement (14) , exposure to O 3 may trigger IL-1␤ release directly and indirectly. In vitro exposure of human macrophages to O 3 also can induce IL-1␤ gene transcription and translation (5) .
In addition to its proinflammatory activity, IL-1␤ has been linked to the development of allergen-induced AHR (19) (20) (21) (22) as well as rhinovirus-induced alterations in airway function (23) . Thus, it is possible that IL-1␤ has a dual role, one in the elicitation of lung inflammation, the other in the development of AHR. In the present study, we examined the role of IL-1 in the development of lung inflammation and AHR following acute O 3 exposure.
Materials and Methods

Animals
Eight-to 12-wk-old female C57BL6/j mice were purchased from Jackson Laboratories (Bar Harbor, ME). All mice were bred and housed under pathogen-free conditions and maintained on an ovalbumin-free diet in the Biological Research Center at National Jewish Medical and Research Center. All protocols and experimental procedures were approved by the Institutional Animal Care and Use Committee of the National Jewish Medical and Research Center.
Experimental Protocol
Mice were exposed to ozone at a concentration of 2.0 ppm for 3 h. The parameters were measured 16 h after O 3 exposure. In initial experiments, we showed that AHR reached peak levels between 8 and 16 h after exposure. For inhibition of IL-1, 10 mg/kg of recombinant human IL-1Ra (Amgen, Inc., Thousand Oaks, CA) was administered (three times) to the mice by intraperitoneal injection 30 min before ozone exposure, immediately following, and 8 h after O 3 exposure. Another group of mice received two injections of the IL-1Ra, immediately following exposure and 8 h later. To evaluate whether corticosteroids can modify IL-1␤ production, airway inflammation, and AHR, four mice were placed in a plexiglass box, and 4 mg of dexamethasone (Sigma, St. Louis, MO) in 10 ml of phosphate-buffered saline was nebulized using an ultrasonic nebulizer (DeVilbiss Health Care) 1 h before and 30 min following O 3 exposure.
O 3 Exposure
Mice were exposed to O 3 at 2.0 ppm for 3 h in stainless steel wire cages. Cages were set inside 240-liter laminar flow inhalation chambers. HEPA-filtered room air was passed through these chambers at 25 changes/h. Room temperature was maintained at 20-25ЊC. O 3 was generated by directing compressed medical-grade oxygen through an electrical discharge O 3 generator (Sander Ozonizer, Model 25; Erwin Sander Elektroapparatebau GmbH, Uetze-Eltze, Germany) located upstream of the exposure chamber. The O 3 -air mixture was metered into the inlet air stream with mass flow controllers (Model #1359C; MKS Instruments Inc., Andover, MA). Exposure to HEPA-filtered air was done in a separate chamber with age-and treatment-matched control animals. O 3 concentrations were continuously monitored at mouse nose levels within the chamber with a photometric O 3 analyzer (Model 400A; Advanced Pollution Instrumentation, Inc., San Diego, CA) and recorded on a strip-chart recorder. Calibration of the O 3 analyzer was performed by the Colorado Department of Public Health and Environment (Denver, CO).
Mouse Genome-Wide mRNA Expression Analysis
Mouse genome-wide mRNA expression analysis (approx. 12,000 genes) was performed using the Affymetrix GeneChip expression analysis system (Affymetrix Inc., Santa Clara, CA). Total RNA was extracted from mouse lungs using Trizol Reagent (Invitrogen Corp., Carlsbad, CA) followed by passage through RNeasy mini columns (QIAGEN Inc., Valencia, CA). Lungs were harvested from O 3 -exposed animals 4 and 24 h following acute O 3 exposure as well as from filtered air-exposed control animals. After careful assessment of the full integrity of RNA by microcapillary electrophoresis and test hybridization, examining 3Ј to 5Ј intensity ratios of control genes, the samples were subjected to gene expression analysis according to the Affymetrix technical procedures manual (http://www.affymetrix.com). Briefly, 10 g of total RNA were reverse-transcribed into cDNA using Superscript II (Stratagene, La Jolla, CA), labeled using the Enzo Bioarray High Yield RNA Transcript Labeling kit (Enzo Diagnostics, New York, NY), and analyzed on MGU 74Av2 chips at the University of Colorado Health Sciences Center Genomics Core Facility (Denver, CO). Expression data were analyzed using GeneSpring software (Silicon Genetics, Redwood City, CA). Hybridization signals were normalized to housekeeping gene signals for each sample and were compared for increases or decreases relative to control animal values.
Determination of AHR
AHR was assessed as a change in airway resistance (cm H 2 O/ml/s) after challenge with aerosolized methacholine. Briefly, anesthetized (pentobarbital sodium, intraperitoneally administered, 70-90 mg/kg), tracheostomized (18G cannula) mice were mechanically ventilated (160 breaths/min, tidal volume of 150 l, positive end-expiratory pressure of 2-4 cm H 2 O), and lung function was assessed using methods described by Takeda and coworkers (24) . Lung resistance (Rl) was continuously computed (Labview; National Instruments, Dallas, TX) by fitting flow, volume, and pressure to an equation of motion. MCh aerosol was administered by nebulization in increasing concentrations (3-50 mg/ml). Maximum values of Rl were calculated and the concentration of MCh that caused a 200% increase in Rl (PC 200 , mg/ml) was calculated.
Bronchoalveolar Lavage
Immediately after assessment of AHR, lungs were lavaged via the tracheal tube with 1 ml of Hanks' balanced salt solution (Gibco, Grand Island, NY). Total cell numbers were obtained (Coulter Counter, Coulter Co. Hialeah, FL). Differential cell counts were performed in a blinded fashion by counting at least 200 cells on cytocentrifuged preparations (Model Cytospin 3; Shandon Ltd, Runcorn, UK) stained with Leukostat (Fisher Diagnostics, Fair Lawn, NJ).
Measurement of Cytokines and Total Protein in Bronchoalveolar Lavage Fluid or Lung Homogenate
Cytokine levels in lung homogenates were determined by enzymelinked immunosorbent assay (ELISA). Mouse IL-12 (R&D Systems, Minneapolis, MN), KC (R&D Systems), and IL-1␤ (R&D Systems) were measured using commercial ELISA kits, per the manufacturer's instructions. Tumor necrosis factor (TNF)-␣ and macrophage inflammatory protein (MIP)-2 were measured with kits using anti-TNF-␣ (coating antibody AFY10-NA, detection antibody BAF410; R&D Systems), and anti-MIP-2 antibody (coating antibody MAB452, detection antibody BAF452; R&D Systems). Detection limits were as follows: IL-12 (24 pg/ml), IL-1␤ (30 pg/ml), TNF-␣ (12 pg/ml), MIP-2 (7.5 pg/ml), and keratinocyte chemoattractant (KC) (18 pg/ml). Lung tissue was mixed with a PBS-0.1% Triton-X100 solution containing proteinase inhibitors (PharMingen) at a 1:2.5 ratio of weight per volume. The specimens were homogenized and then centrifuged at 15,000 rpm for 15 min. The supernatants were frozen at Ϫ70ЊC until analysis. Total protein levels in bronchoalveolar lavage (BAL) fluid were measured using the Protein assay kit (Bio-Rad, Hercules, CA).
Statistical Analysis
Data are presented as mean Ϯ SEM. ANOVA was used to determine the levels of difference between all groups. Comparisons for all pairs were performed using the Tukey-Kramer honest significant difference (HSD) test.
Results
Acute O 3 Exposure Induces IL-1␤ Gene Transcription and Translation
Expression of mRNA in lung tissue was assessed by gene microarray analysis. Following O 3 exposure, IL-1 mRNA levels were increased 2-fold at 4 h after exposure (2.0 ppm for 3 h), and returned to baseline levels after 24 h ( Figure 1A ). IL-1 receptor type II, which is a decoy receptor (15) , was also increased by 4-fold at 4 h and returned to baseline levels 24 h following O 3 exposure. The level of IL-1␣ mRNA was not altered by O 3 exposure. We found no changes in expression of other cytokines (IL-2, -3, -4, -5, -9, -10, -12, -13), but an increase in expression of certain chemokines (fold increase at 4 h: KC, 10-fold; MIP-2, 3.5-fold; MCP-1, 7.4-fold; ENA-78, 9.5-fold). IL-1␤ is known to induce expression of many different genes (14) . However, we did not detect an increase in mRNA expression of several of these genes (CSF, intercellular adhesion molecule-1, vascular cell adhesion molecule-1, phospholipase A-2␤, inducible nitric oxide synthase [iNOS]).
IL-1␤ protein levels in lung homogenates were evaluated by ELISA ( Figure 1B) . In parallel to the increases in IL-1␤ gene expression, IL-1␤ protein levels virtually doubled 8 h after O 3 exposure and returned to baseline by 24 h. Several cytokines/chemokines have been implicated in the accumulation of neutrophils in target tissues. O 3 exposure induced increases in the levels of TNF-␣, MIP-2, and KC, each known to have neutrophil chemoattractant capability in lung tissue homogenates (25) . Administration of the IL-1Ra restored the levels of TNF-␣, MIP-2, and KC in lung homogenates in O 3 -exposed mice to those observed in air-exposed mice ( Figure 5) . IL-1␤ levels (B ) were measured in lung homogenates by ELISA in mice exposed to filtered air or 8 h and 24 h following ozone exposure. Six animals were studied in each group.
Administration of IL-1Ra Prevents the
Prevention of O 3 -Induced Structural Damage by IL-1Ra
A striking feature of acute O 3 exposure is the alteration in structural integrity of the epithelial cell layer along the airways. As shown in Figures 6A and 6B , when the histology of the airways in air-exposed mice is compared with that in O 3 -exposed animals, the latter shows sloughing, denudation, and structural abnormalities of the epithelial cells. Treatment with the IL-1Ra prevented these changes in O 3 -exposed mice, preserving the integrity of the epithelial cells ( Figure 6C ).
Delay in Administration of IL-1Ra Remains Effective
We also evaluated whether initiating IL-1Ra treatment after completion of the exposure to O 3 still remains effective in preventing AHR and neutrophilic inflammation. In these experiments, IL-1Ra was injected twice, immediately following the 3-h O 3 exposure and 8 h after the exposure. Although IL-1Ra treatment was initiated immediately after O 3 exposure was completed, it nonetheless remained effective, significantly reducing the level of AHR; this reduction was also reflected in an increase in PC 200 (mean Ϯ SEM: 38.4 Ϯ 2.9 mg/ml in IL-1Ra-treated mice compared with 19.1 Ϯ 1.7 in untreated O 3 -exposed mice, P Ͻ 0.05) and BAL fluid neutrophilia 16 h after completion of the exposure protocol ( Figure 7) . The degree of inhibition of AHR at 16 h was somewhat lower than when administered before O 3 exposure, but nonetheless significantly reduced AHR and reduced the extent of neutrophilia to the same degree as observed when IL-1Ra treatment was initiated before O 3 exposure. 
Administration of Dexamethasone Suppresses the Development of AHR, Neutrophilia, and Production of IL-1␤ following O 3 Exposure
Corticosteroids can decrease both the activity and production of IL-1 and increase the levels of decoy receptor (type II IL-1 receptor) in various disease models (26) (27) (28) . The effects of inhaled dexamethasone on the responses to O 3 were evaluated 16 h after the exposure. Following inhalation of dexamethasone before and just after O 3 exposure, AHR was suppressed ( Figure  8A ), PC 200 was increased (mean Ϯ SEM: 68.9 Ϯ 7.2 mg/ml in dexamethasone-treated mice compared with 29.1 Ϯ 2.3 in untreated O 3 -exposed mice, P Ͻ 0.05), and BAL fluid neutrophilia was also significantly reduced ( Figure 8B ). Although the suppression of AHR was similar when dexamethasone ( Figure 8A ) was compared with IL-1Ra (Figure 2 ), there were significant differences (P Ͻ 0.05) in the degree of suppression of airway neutrophilia. In addition, IL-1␤ levels in the lung homogenates were markedly decreased by dexamethasone inhalation ( Figure  8C ). Similar to treatment with IL-1Ra, treatment with dexamethasone prevented epithelial shedding, but had no effect on protein content in the BAL fluid following O 3 exposure (data not shown).
Discussion
Acute O 3 exposure can induce the rapid development of AHR, neutrophilic inflammation, vascular leakage, and respiratory epithelial cell damage. However, the mechanisms underlying these changes are not defined, nor whether a common pathway in each of these events is activated. The susceptibility to O 3 is strain-dependent (29, 30) and has been linked to TNF-␣ receptor expression (10, 11) . TNF-␣ can induce IL-13 (31) and IL-1␤ can upregulate TNF-␣ production (32), supporting their involvement in O 3 -induced AHR. In this study, we demonstrated that one consequence of O 3 exposure is the Ͼ 2-fold induction of the IL-1␤ gene within 4 h of the exposure with a return to baseline levels by 24 h. This increase in gene transcription paralleled increases in IL-1␤ protein levels in lung homogenates. The production and activity of IL-1, particularly IL-1␤, are tightly regulated events (14) . Following stimulation of monocytes/macrophages with endotoxin, transcription of IL-1␤ is initiated, achieves a steady-state level, and by 4 h mRNA levels decrease due to synthesis of a transcriptional repressor (33, 34) . A second regulatory level involves expression of IL-1RII, which acts as a decoy receptor for IL-1␤, tightly binding IL-1␤ and preventing binding to the signal transducing type I receptor (35) . IL-1␤ can upregulate gene expression of IL-1RII (36) , and an upregulation of IL-1RII gene was observed following O 3 exposure.
The major sources of IL-1␤ are cells of monocytic lineage, where cleavage of pro-IL-1␤ takes place by caspase-1 and mature IL-1␤ is secreted from stimulated cells (15) . Alveolar macrophages represent a first line of cells that may interact with O 3 and also have the capacity to secrete various cytokines, including IL-1␤. In vitro, low concentrations of O 3 induced significant increases in IL-1␤ secretion from both guinea pig and cultured human alveolar macrophages (5).
The three major consequences of O 3 exposure are airway neutrophilia, airway epithelial cell damage, and AHR to inhalation of the bronchoconstrictor MCh. Each of these responses Figure 5 . Effect of IL-1Ra on O 3 -induced cytokine levels in lung homogenates. Levels of TNF-␣, keratinocyte chemoattractant (KC), and MIP-2 were quantitated in lung honogenates. IL-1Ra decreases production of these cytokines (n ϭ 8 in each group). was significantly inhibited when mice were treated with the IL1Ra just before, immediately after, and 8 h after O 3 exposure. Despite near-equal affinities of IL-1␤ and IL-1Ra for the functional IL-1RI, a 10-to 100-fold molar excess of IL-1Ra is often required to inhibit IL-1 activity in vitro (37) and a 100-to 1,000-fold excess to block systemic responses in animals (38, 39) . In these studies, 10 mg/kg IL-1Ra was injected on three occasions and resulted in the normalization of airway responsiveness to inhaled MCh. BAL neutrophil counts were reduced by 75-80%; associated with this decrease in accumulation of neutrophils was a reduction in levels of TNF-␣, MIP-2, and KC. All three of these proteins have been linked to neutrophil accumulation in target organs (25) . Impressively, administration of IL-1Ra also prevented the marked epithelial cell damage seen following O 3 exposure in untreated mice. The only response to O 3 that was not apparently affected was the increase in BAL fluid protein levels. As a rule, capillary leak models may be unaffected by blocking cytokines (15) .
The potency of the IL-1Ra in preventing these changes was not only seen when administered on two occasions, but also when administered after completion of the ozone exposure. Used in this way, the IL-1Ra also resulted in a decrease in BAL neutrophilia and AHR measured 16 h after exposure. As AHR and BAL neutrophilia persist at this time point in untreated mice, the efficacy of IL-1Ra after completion of exposure implies the ability to reverse some of the ongoing changes.
Cumulatively, the data indicate that IL-1 is important to the development of AHR, neutrophilia, and epithelial cell damage. Although we and others have dissociated O 3 -induced AHR and neutrophilia (3, 7, 8, 13, 14) , it appears that IL-1 can play a role in the development of both of these "independent" responses. Epithelial cell damage also appeared independent of the neutrophilia. The mechanisms whereby IL-1 triggers these different responses is not clear. IL-1 is known to elicit multiple biologic effects. IL-1 can increase the genes for colony-stimulating factors (15) , contributing to bone marrow release of neutrophils. Increased expression of intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 induced by IL-1␤ on endothelial cells also can contribute to neutrophil accumulation in the airways (15) . Injection of IL-1 into rodent tracheas resulted in acute alveolar leakage as well as neutrophil inflammation (40, 41) . IL-1␤ has been implicated in the development of allergen-induced AHR (19) (20) (21) (22) or in rhinovirus-induced AHR (23) . In these studies, as shown here, the role of IL-1␤ was implied, based on the protective effects of an IL-1Ra on development of AHR and pulmonary eosinophil accumulation. In others, IL-1␤ was shown to directly alter airway smooth muscle responsiveness, and this effect was not surprisingly reversed by IL-1Ra (41) .
Support for an IL-1 autocrine loop has been demonstrated in altered responsiveness of airway smooth muscle preparations to sensitizing sera from individuals with atopic asthma or rhinovirus (19, 20, 23) . In human cultured airway smooth muscle cells, IL-1␤ increases cyclooxygenase (COX)-2 expression and subsequent prostaglandin E 2 release, ultimately resulting in decreased ␤-adrenergic responsiveness. Low concentrations of IL-1␤ together with TNF-␣ synergize to promote this ␤-adrenergic hyporesponsiveness, and this is, in turn, dependent on COX-2 expression and prostaglandin E 2 (42) . As both TNF-␣ and IL-1␤ protein levels were shown to increase in lung homogenates following O 3 exposure, this combination may also contribute to the development of the AHR shown here and be prevented by administration of IL-1Ra.
Three genes that code for specialized enzymes are exquisitely sensitive to IL-1: iNOS, COX2, and type 2 phospholipase A2 (15) . These genes were not induced following O 3 exposure at the time points analyzed. Their products nitric oxide, prostaglandins, leukotrienes, thromboxane, and platelet-activating factor (PAF) are potent mediators of inflammation and tissue damage, particularly in the lung. Collectively and individually, they can contribute to the structural and permeability changes in the epithelium induced by O 3 . Kleeberger and colleagues have demonstrated an important role for iNOS in O 3 -induced lung permeability, perhaps involving Toll-like receptor 4 (43) . PAF has been shown to partially mediate O 3 -induced pulmonary inflammation and epithelial cell proliferation (44) .
Corticosteroids suppress IL-1␤ gene expression and secretion and increase the production of the decoy receptor IL-1RII (15) . Glucocorticoids can abolish IL-1␤ and ␤-adrenergic hyporesponsiveness in human airway smooth muscle cells, and can abrogate IL-1␤-induced changes in airway smooth muscle contractility (45, 46) . In our studies, inhalation of dexamethasone had significant effects on the changes induced by O 3 . AHR was significantly reduced as were IL-1␤ levels in lung homogenates. Numbers of neutrophils in the BAL fluid were reduced by ‫ف‬ 40%, certainly less than following treatment with the IL-1Ra, perhaps further supporting the dissociation between O 3 -induced AHR and lung neutrophilia.
In summary, acute O 3 exposure results in epithelial cell damage, a neutrophil-predominant airway inflammatory response, and AHR. Ozone induces an increase in IL-1␤ gene expression and protein levels in the lung tissue. Administration of IL-1Ra, blocking access of IL-1␤ to its receptor, results in normalization of airway function, prevention of airway/epithelial cell structural damage, and inhibition of neutrophil accumulation in the airways. These findings are supported by treatment with a glucocorticoid that prevents the increases in IL-1␤ production following O 3 exposure. Together these data identify a major role for IL-1␤ in the pathogenesis of the airway response to acute O 3 exposure.
